Intercalation of oxygen at the interface of graphene grown by chemical vapour deposition and its polycrystalline copper catalyst can have a strong impact on the electronic, chemical and structural properties of both the graphene and the Cu. This can affect the oxidation resistance of the metal as well as subsequent graphene transfer. Here, we show, using near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS), X-ray absorption near edge spectroscopy (XANES), energy dispersive X-ray spectroscopy (EDX) and (environmental) scanning electron microscopy (ESEM) that both the oxygen intercalation and de-intercalation are kinetically driven and can be clearly distinguished from carbon etching. The obtained results reveal that a charge transfer between as grown graphene and Cu can be annulled by intercalating oxygen creating quasi-free-standing graphene. This effect is found to be reversible on vacuum annealing proceeding via graphene grain boundaries and defects within the graphene but not without loss of graphene by oxidative etching for repeated (de-)intercalation cycles.
Introduction
Because of its unique electrical, mechanical, surface and thermal properties a single layer of sp 2 bonded carbon, also known as graphene or, in order to allow a more versatile discrimination between a monolayer and graphite, mono layer graphene (MLG), is considered as an interesting material for next generation electronics, optoelectronics and microsystems. In this context, catalytic chemical vapour deposition (CVD) has emerged as the most promising synthesis technique to achieve the required large scale graphene growth and control over its properties. In CVD, the development, characterization and optimization of suitable catalyst/carbon source combinations for MLG and few layer graphene (FLG) growth have recently received a lot of research interest. [1] [2] [3] [4] [5] [6] [7] [8] Polycrystalline Cu exposed to gaseous hydrocarbons has emerged as the prime combination of catalyst and carbon source, as this yields good MLG growth results at scalable, industrially relevant conditions of temperature and gas pressure. 6 However, its quality still suffers from the presence of grain boundaries and all sorts of defects, both obstacles which have to be overcome to meet technical requirements. Previous work on graphene CVD on polycrystalline Cu using near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) in situ during MLG growth revealed a distinct difference in the C1s binding energy (BE) values of in situ grown MLG and MLG that has been exposed to air. 9 This difference manifested itself as C1s binding energies at 284.75 eV (growth) and 284.4 eV (exposed to air), the latter of which matches the commonly reported value of graphitic carbon. We have previously attributed this BE shift between as grown and air exposed MLG on Cu to differences in charge transfer between substrate and graphene caused by the presence-absence of presumably intercalated oxygen atoms. 9 Similar effects in the presence of e.g. oxygen, H 2 O or CO were recently reported for graphene on several transition metals. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] However, in the case of MLG on Cu it is still under investigation whether only intercalated oxygen is responsible for the observed BE differences and to what extent other effects such as oxidation of the catalyst or even those related to the experimental method are also involved. In the context of XPS where photoelectrons are created the intercalation of oxygen or oxidation of the catalyst would reflect a ground state phenomenon. On the other hand detected shifts may also be related to screening final state effects. The observed reduced binding energies after air exposure may prove an important issue when transferring as grown graphene on other substrates because it can facilitate the lift off process as has been shown for graphene on Pt. 27 In contrast, intercalating oxygen may affect the chemical stability of MLG and the metal it is contacting, an effect which could be amplified by applying even moderate heat as could happen in applications such as integrated devices. For such applications it is essential to have environmentally resistant metal contacts and graphene of defined electronic properties, especially when using Cu. [28] [29] [30] [31] [32] [33] Also changes in charge transfer from the substrate may unintentionally dope the graphene, which is problematic for devices which require a certain band structure alignment. 34, 35 Equally, MLG-support interactions may also impact on graphene's debated wetting transparency and potential use as a corrosion barrier. [36] [37] [38] [39] [40] [41] [42] [43] In our previous work, we focused mainly on mechanisms leading to MLG growth without extending the discussion of the oxygen induced charge transfer further. 9 Hence, the aim of the present investigation is to gain more detailed insight into the nature of oxygen intercalation and its influence on a charge transfer and BE shift, respectively. For this purpose, we compare the evolution of Cu-grown graphene flakes (GF) with continuous MLG films during oxidation-reduction cycles. GFs with low coverage are used to enhance the intercalation process and its reversibility by heating due to potentially shorter diffusion lengths involved, thereby engineering a model system to observe these effects more clearly. Activation energies of oxygen intercalation and oxidation of graphene were determined by heating GF on Cu in an oxygen atmosphere at different pressures. Repeated cycles of reduction in vacuum and re-oxidation in oxygen/air of GF and MLG on Cu were undertaken to gain insights into long term stability effects and sample aging.
In situ characterization was performed with near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS), X-ray absorption near edge spectroscopy (XANES), environmental scanning electron microscopy (ESEM). Due to its usefulness in estimating charge transfers whilst being notoriously difficult to measure via electrical characterization, we also determine the work function (WF) of graphene on Cu by photoelectronbased measurements. 13, 17, 30 Corresponding reference characterizations were performed ex situ by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) and Raman spectroscopy. Fig. S1 ).
Experimental
Cycles of reduction and reoxidation were conducted by heating the samples in situ in vacuum (base pressure E10 À8 mbar) and, ex situ, by subsequent exposure to ambient air at room temperature. The cycles are labelled T(emperature)-R(eoxidation)-cycling throughout the text. A detailed overview of the applied conditions is given in ESI, † Table S1 . Activation experiments were performed in situ by stepwise heating the samples from room temperature (RT) up to 600 1C in oxygen atmosphere at p O 2 = 5 Â 10 À5 , 5 Â 10 À2 and 0.2 mbar, respectively. Activation energies were directly derived from XP spectra following the procedure of Tjandra and Zaera. 44 The near ambient pressure XPS experiments were performed at the ISISS beamline of the FHI located at the BESSY II synchrotron radiation facility in Berlin. The setup consists of a reaction cell attached to a set of differentially pumped electrostatic lenses and a separately pumped analyzer (Phoibos 150 Plus, SPECS GmbH), as described elsewhere. 45 The spectra were collected in normal emission in vacuum with a probe size of E150 mm Â 80 mm. The samples were heated from the back using an external IR-laser (cw, 808 nm). The temperature was controlled via a K-type thermocouple in direct contact with the sample surface. Possible sample contamination was checked by survey spectra at the beginning of each experiment. In order to obtain depth resolved information, the photo electron spectra were taken at two different photon energies for each element, specifically 1400 eV/1080 eV (Cu2p, CuLMM), 980 eV/680 eV (O1s) and 725 eV/425 eV (C1s), with a spectral resolution of E0.3 eV. The respective kinetic energies of the electrons correspond to an electron mean free path of E12 Å and 7 Å. The total XPS information depths are E2 nm and E4 nm, that is, 95% of all detected electrons originate from 3l. 46 For XPS analysis, the photoelectron binding energy (BE) is referenced to the Fermi edge, and the spectra are normalized to the incident photon flux. The photoionization cross section was considered according to the calculations of Yeh and Lindau. 47 Background correction was performed by using a Shirley background. 48 The spectra were fitted following the Levenberg-Marquardt algorithm to minimize the w
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. Peak shapes were modelled by using Doniach-Sùnjić functions convoluted with Gaussian profiles so that an asymmetric line shape could be fitted when required. 49 The accuracy of the fitted peak positions is E0.05 eV. An overview of the fitted components of the C1s and O1s regions is given in Table 1 .
For semi-quantitative analysis, the relative abundance (in %) of carbon and oxygen for the various samples was calculated from the measured O1s and C1s intensities weighted by their respective escape depth and photoionization cross section. The Cu abundance was neglected because of the lack of information on absolute carbon coverage which would potentially lead to an overestimation of the Cu contributions. Contributions of specific components were calculated by considering the respective fractions obtained from the best fits with respect to the total intensity of each spectrum. The error is estimated to be E20% of the relative abundance.
Changes of the sample's WF were determined in a similar mode to the XPS experiments. The sample's Fermi edge at E F as well as the secondary peak of inelastically scattered photoelectrons were recorded at a photon energy of 100 eV for two different analyzer pass energies and the WF calculated by j = hn À E max with E max being the point of inflexion of the secondary peak. Based on the obtained data sets of both analyzer pass energies the WF's uncertainty was estimated to be E0.05 eV.
The soft X-ray absorption spectra of the oxygen K-edge were recorded in the Total Electron Yield (TEY) in vacuum via the drain current of the sample induced by the incident photons. To ensure reproducibility, three scans were recorded separately for each spectral region. Background correction and normalization were carried out with respect to a spectrum of an oxygen free sample obtained at T = 600 1C. À5 Pa) with a heating stage, gas supply unit and a mass flow controller bank (Bronkhorst) allowing variable gas mixtures. All tubing inside and outside the ESEM is stainless steel. The vacuum system of the ESEM was modified for oil free pumping. Thermocouples were directly spot welded onto the Cu foil for temperature control. Samples were imaged in SE mode at an acceleration voltage of 5.0 kV using a standard Everhart-Thornley detector.
Results
Oxygen intercalation on MLG/Cu vs. GF/Cu
As grown graphene can be heavily influenced by exposure to ambient pressure conditions even at room temperature. Usually, such samples are characterized using ex situ methods, which do not allow changes occurring on short time scales to be monitored. Hence, the as-prepared sample state may have changed without being noticed. To investigate the influence of the presence of oxygen on the graphene/Cu interface, long-term air stored (1 month) MLG and GF samples were systematically heated in vacuum and re-exposed to oxygen at RT and examined by means of SEM, EDX, and, in situ, by XPS and XANES. While the SEM micrograph of as loaded MLG displays a homogeneously distributed graphene layer, the GF micrograph depicts bright uncovered Cu areas surrounding the GFs (Fig. 1a  and b) . We also note that the as grown GF also has holes within the islands. These holes are a result of the particular synthesis conditions used, similar to those observed in previous reports. 50 We explicitly select these ''holey'' GF samples for our study in order to enhance the contrast between a continuous MLG layer and the only fractional graphene island coverage of the holey GF. Underneath both, the MLG and the GFs, step-like facets of the Cu substrate can be seen in Fig. 1a and b which can arise from rolling striations in the foil. 51 On the other hand reconstructions of the underlying Cu layers occurring during growth and subsequent cooling may also contribute to their formation as reported by Han et al. 52 Interestingly, rather depth sensitive EDX (information depth B 1 mm) of the as grown GF sample (Fig. 1c) performed on the bare Cu rims and the GFs does not show any notable difference of the oxygen contribution on either of them. In contrast, a sample repeatedly reduced and re-oxidized exhibits a pronounced difference between the Cu and graphene areas, respectively. There, bare Cu areas exhibit a significantly increased EDX oxygen signal compared to graphene covered regions (ESI, † Fig. S2a and b) . This finding suggests a protective function of graphene against oxidation of the underlying Cu substrate compared to the uncovered Cu areas. [36] [37] [38] [39] Considering the rather low surface sensitivity of EDX more sensitive XPS and XANES were applied to follow the oxygen related changes on graphene covered Cu in greater detail. Since after reduction, both, the Cu2p and Cu LMM regions are quite insensitive towards changes caused by small oxygen amounts, O1s spectra were taken for MLG and GF at a kinetic energy of the photo electrons (E kin ) of 150 eV ( Fig. 1d and e) . 9, 53 Already the non fitted O1s spectra reveal distinct changes in the Cu-oxygen region (r530.3 eV) and the BE region dominated by various C-O related bonds (4530.3 eV, see Table 1 ) during all stages of sample treatment as indicated by the labelled markers. [54] [55] [56] [57] When reaching a temperature of 500 1C (MLG) and 250 1C (GF), respectively, the initial centre of gravity of the Cu oxide contributions shifts toward a lower BE in the O1s which suggests a reduction of the Cu 2 O to a sub oxide and subsurface oxygen. 58 With further heating to 700 1C and 400 1C, respectively, only minor C-O related components remain (MLG) or the O1s intensity has decreased to virtually zero (GF). Note that SEM images and EDX of the as loaded GF sample indicate sparsely distributed small Si oxide clusters on the sample surface most likely stemming from the manufacturing process of the Cu foil despite its nominal purity of 99.999% (ESI, † Fig. S1c and d) . However, since the corresponding O1s intensity of the GFs is virtually zero, we conclude that silica does not noticeably contribute to the O1s signal. Thus, the residual O1s intensities at 700 1C observed on the MLG sample are attributed to various C-O related bonds such as C-O, CQO, C-OH etc.
56,57
With re-oxidation for several minutes in air a partial recovery of the Cu 2 O and C-O related bonds is observed on both samples. Extended air exposure (t reox Z 1 month) not only restores the initial sample state of both samples but seems to increase the C-O bond related intensities. The further impact of repeated reduction and re-oxidation on C and Cu is discussed in detail below.
For the GF sample a set of oxygen K-edge XANES spectra was also recorded during each preparation step (Fig. 1f) . With heating to 250 1C, the Cu 2 O-dominated as loaded XANES spectrum changes towards a spectrum resembling an adsorbate-like or a subsurface oxygen/sub-oxide state. 59, 60 After removing all the oxygen at T Z 400 1C (see Fig. 1e ) and subsequent short re-oxidation the XANES spectrum indicates only a small recovery of oxygen compared to the spectrum recorded at 250 1C.
The results displayed in Fig. 1 involve methods with different information depths, ranging from a maximum depth of B1 mm (EDX) over B5 nm (XANES) to B 0.7-2 nm (XPS). From the combined data it is apparent that the observed oxygen contributions are located very near to or on top of the surface. For the C-O bond related features, for which the O1s region is extremely sensitive, 56, 57 this was verified by XPS depth profiling which revealed different ratios between carbon-oxygen and Cu-oxygen related intensities dependent on the photo electron escape depth (ESI, † Fig. S3 ). Hence, the carbon-oxygen related contributions can be assigned to oxygen functionalities located at defects, edges and rims of the graphene. On the other hand Cu areas covered by graphene should be less oxidized because of the latter's protective coverage as evidenced by the EDX results presented in Fig. 1c and ESI, † Fig. S2a , particularly for short-term exposures. [36] [37] [38] [39] Whereas the oxidized Cu signal on the GF sample may be explained by bare Cu surfaces exposed to ambient air this is not the case for the fully covered Cu on the MLG sample because of the lack of bare Cu areas. Diffusion of oxygen between the graphene and the Cu surface starting from the graphene rims inwards or from defect sites has to be taken into account, a process which would be enhanced for the GF sample because of a shorter diffusion length required to access the entire area underneath the graphene. This assumption is corroborated by the observed differences in the reduction temperature between MLG and GF samples similar to observations of grapheneoxygen-Ir systems. 10, 61 The higher reduction temperature on MLG/Cu indicates a higher barrier to be overcome for a notable diffusion-reduction process. Thus, the changes in XP and XANES spectra upon reduction by heating and upon re-oxidation can be related to sub-oxide or adsorbate-like states, confirming the presence of intercalated oxygen atoms in the very early stage of oxidation and the very late stage of reduction. In later stages of the air exposure additionally Cu oxides are formed underneath the graphene.
Graphene-catalyst interaction
We now focus on the effect of reduction and re-oxidation on the C1s region in XPS. Fig. 2 shows a comparison of the C1s spectra of MLG/Cu and GF/Cu recorded during the same treatment as in Fig. 1d and e. Both samples behave very similar during heating and re-oxidation. The as loaded surfaces are dominated by a C1s main component at the typical graphite BE (284.4 eV). 62, 63 The fitting parameters and asymmetric peak shape with a = 0.09 are representative of ordered graphene. 64 We will address XP peak asymmetry in detail in the discussion. Several other minor intensity peaks are also present which can be assigned to contaminants related to air exposure such as C-O, C-OH bonds etc. (BE 4 285.0 eV), sp 3 carbon (B284.8 eV) and defects in the graphene structure (284.0 eV). 56, [65] [66] [67] [68] In the best fit the peak shapes of the contaminants and sp 3 carbon lack the asymmetry found for graphene and graphitic carbon. Hence, they can be clearly distinguished from the asymmetric, shifted graphene peaks observed at the same BEs at higher sample temperatures when graphene is in direct contact with Cu (see below). Note that the shift of C1s majority BEs occurs already at a lower temperature on the GF sample together with the complete loss of oxygen (see Fig. 1e ). Subsequent cooling of the samples in vacuum and leaving it at RT does not affect the C1s spectra at all (not shown). 9 Re-oxidation of the MLG and GFs at RT in ambient air for 20 and 5 min, respectively, leads to an inverse BE shift of the main intensity towards 284.4 eV which confirms a direct correlation of oxygen intercalation between Cu and graphene with the observed BE shifts. However, for the short exposure times displayed here the shift is not complete. A full recovery of the as loaded peak position would require a higher oxygen dose as confirmed by the 284.4 eV dominated spectra taken after t reox Z 1 month. Both the MLG and the GF exhibit the observed changes in the C1s and O1s regions, with the GF being more sensitive to oxygen related changes. As apparent from the results displayed in Fig. 1 and 2 , reduction and re-oxidation related processes such as the C1s BE shifts and O1s intensity changes not only occur already at lower T for the GF but also show a dependence on the oxygen dose. This further confirms the different diffusion lengths for MLG compared to GF. Thus, removal of oxygen on MLG/Cu requires a longer time or more aggressive conditions.
The difference in diffusion length and temperature stability of the intercalation process is further studied by heating air exposed continuous MLG and GF samples in vacuum while monitoring surface changes with ESEM. This allows laterally resolved visualization of changes caused by the interaction between the graphene and catalyst surface. Fig. 3a depicts a set of ESEM micrographs of a previously air exposed MLG sample on polycrystalline Cu foil held at an average temperature of E480 1C in vacuum over a time of 66 minutes. Cu grain boundaries can be seen in the upper part of the images. Within the Cu grains faceting can be identified by the horizontal stripes in the very first image (Fig. 3a) ; lower left in agreement with the SEM results presented in Fig. 1a and b . 51, 52 With ongoing heating small bright features appear in the rather homogeneous contrast within the Cu grains (12 min, Fig. 3a) . Most of the bright structures enclose a relatively large area while others appear rather point-like. Hence, the former are attributed to graphene grain boundaries while the latter are most likely related to point defects in the graphene. Both features expand until they meet leaving only some small residual dark regions (27 min and 41 min). These changes are marked by circles and arrows in the figure. We attribute these changes to the beginning of de-intercalation of the oxygen atoms intercalated between graphene and Cu as observed above with XPS. This explanation is reasonable given the observed gradual changes point to the outward diffusion of oxygen atoms at graphene grain boundaries and defects. 6, 69 Such a process would firstly cause a gradual depletion of the areas located close to grain boundaries and defect sites hence explaining the observed expansion of the bright features. This stage of de-intercalation proceeds slowly at roughly 2 Â 10 À3 mm s À1 at the given temperature. With prolonged heating, the ESEM micrographs change again in the form of a distinct contrast change moving over the Cu grains similar to a reaction front (dotted line at 47 min in Fig. 3a ; ESEM movie in ESI †). Note, that the reaction front crosses readily over the Cu grain boundaries at a speed of approximately 40 Â 10 À3 mm s À1 .
The time resolved ESEM movie reveals several details which exclude the possibility of this observation being related to an experimental artefact: firstly, the direction of the front changes when it crosses Cu grain boundaries which points to preferred directions of propagation. Secondly, within a Cu grain the front does not proceed uniformly but the propagation seems to be hindered by areas of darker contrast (e.g. dark area in the centre of the central Cu grain in ESEM movie). A possible explanation for this behaviour may be the removal of oxygen atoms with a longer residence time between graphene and Cu, e.g. those underneath the center of a graphene grain. The ultimate depletion of the last remaining oxygen may proceed along the main crystallographic orientations of the Cu substrate and cause the graphene to finally settle in registry with the Cu surface or the Cu surface may reconstruct in the absence of oxygen at the given temperature. 52, [69] [70] [71] [72] However, a detailed investigation of this phenomenon would require time and spatially better resolved structural methods such as AFM or STM which are beyond the scope of the present work. The GF counterpart behaves similarly with respect to the changing contrasts (Fig. 3b) . Again, with ongoing heating contrast changes are observed starting at flake edges and moving through the GFs. This is best seen in upper left GF marked by a dashed line. For the other GFs, the trench-like contrast of dark and bright stripes is attenuated and dark, defect-like spots vanish as marked by dashed circles. The de-intercalation proceeds rather uniformly without any reaction-front-like contrast change as observed after B47 min for MLG on Cu. Compared to the heating time and temperature of the MLG on Cu (66 min, T R E 480 1C) the time scale of less than 10 min at T R E 400 1C required for the contrast changes of GF on Cu is notably shorter yielding in a de-intercalation speed of roughly 5-8 Â 10
À3 mm s À1 as derived from Fig. 3b . The comparison of GF and MLG on Cu in Fig. 3 implies that for MLG on Cu not only are the diffusion lengths different, depending mainly on the graphene coverage, but also the diffusion pathways. Considering the observed reaction front for MLG on Cu, the underlying Cu substrate's crystallographic orientation and its defect density may influence the oxygen de-intercalation as well. Thus, de-intercalation would require more time and/or a higher temperature for MLG than for GFs as observed in Fig. 3 . These results are in excellent agreement with the XPS results depicted in Fig. 1 and 2 and confirm the suggested different diffusion lengths for MLG and GFs on Cu. The contrast changes from dark to bright presented in Fig. 3 are clearly related to the increased interaction between the Cu substrate and graphene observed with XPS above. The darker contrast in the presence of intercalated oxygen can be explained by a lower secondary electron yield due to the reduced contact between Cu and MLG which would be reflected as a change in WF. 73 In contrast to the strongly interacting or ''coupled'' graphene-Cu, when intercalated oxygen is present graphene on Cu can be considered as free standing in terms of its electronic properties.
To determine the activation energy required to intercalate/ de-intercalate oxygen long term air stored GF/Cu samples were examined. Firstly, intercalated oxygen was removed by heating the samples in vacuum. Then, the process was reversed by stepwise heating the samples during oxygen exposure at three different pressures (p O 2 = 5 Â 10 À5 , 5 Â 10 À2 and 0.2 mbar).
During both treatments the changes in the C1s region were carefully monitored by XPS. The evolution of the different components is shown in Fig. 4 for an oxygen exposure of 0.2 mbar. As is obvious from the intensity changes with increasing temperature under the given conditions several partially overlapping processes have to be taken into account. Firstly, between 180 1C r T r 280 1C there is a sharp drop in intensity of the peak at 284.75 eV and a simultaneous increase in the peak intensity at 284.4 eV, which is representative of the intercalation of oxygen. Interestingly, in this set of experiments the temperature region for intercalation was found to be independent of the oxygen pressure suggesting a primarily kinetically driven intercalation process determined by the diffusion length of oxygen atoms. Note that the temperatures observed for de-intercalation in vacuum were within the range of 300 to 400 1C in agreement with the GF samples presented in Fig. 1 and 2 . The second process sets in at temperatures above 280 1C for which a strong decrease of the overall C1s signal was observed which is related to etching of the graphene. In contrast to the intercalation, the onset of carbon etching turned out to be strongly dependent on the applied oxygen pressures: the lower the pressure the higher the required temperature with 5 Â 10 À2 mbar/E450 1C and 5 Â 10 À5 mbar/E500 1C found for the other two experiments, respectively (ESI, † Fig. S4b ). Note that the peak shapes of the fitted components, in particular the 284.4 eV peak, do not change during etching (ESI, † Fig. S4a) . Furthermore, small changes in the 284.0 and 285.2 eV peaks are observed which are most likely related to healing/removal of defect sites which can proceed by an increased mobility of single carbon atoms but also by burning. The latter effect will be addressed in more detail below. While for the evaluation of the activation energy of etching graphene the overall C1s intensity can be used, a reasonable estimate of the activation energies of intercalation has to be independent of the observed simultaneous changes (see ESI, † Fig. S4 for further details) . Hence, only the intensity change of the 284.75 eV component during heating in oxygen was taken into account because, as apart from its intensity decrease, it is virtually unaffected by any other oxygen induced change. Assuming a linear proportion of carbon and intercalating oxygen, analysis of the resulting Arrhenius plots (see inset in Fig. 4 ) yielded an activation energy for intercalation of E Act-intercal = 0.19 eV. 44 Similarly, the activation energy of de-intercalation of oxygen was determined during the initial heating of the same sample in vacuum yielding E Act-deintercal = À0.18 eV, which nicely reflects the reversibility of the process (see ESI, † Fig. S4c) . The values are smaller than those found for oxygen intercalation on graphene-Ru systems pointing to a relatively weaker interaction between the graphene and the Cu substrate. 18 However, the activation energies are well within the range found for the intercalation of various compounds and atomic species in graphite. 74, 75 Activation energies calculated for etching of graphene resulted in two different values of E act-etch = À1.14 eV and À0.44 eV for p O 2 = 5 Â 10 À5 and 0.2 mbar, respectively. While the former value is in good agreement with results from experiments performed on graphene-Ru systems under similar temperature and pressure conditions, 18, 76 the latter has to be ascribed to the increased oxygen pressure.
The higher pressure allows a more effective oxidation of the graphene which in turn leads to a faster carbon burn off in form of CO and CO 2 with increasing temperature. 77 Finally, in contrast to the graphene layers and islands studied so far, in a complementary experiment we now examine long time air exposed few layer graphene (FLG) grown on polycrystalline Cu foil. The FLG was heated to 600 1C in vacuum and subsequently cooled to RT while depth profiling of the sample with in situ XPS at two different photon energies. Cu LMM and O1s spectra indicate only very small contributions of Cu oxide and carbon-oxygen related bonds for the as loaded sample compared to MLG and GFs (ESI, † Fig. S5 and Fig. 1d and e) . This implies relatively stronger protection of the underlying metal from oxidation due to the multiple graphene layers. 38 Thereby, the carbon-oxygen related bonds reside on the carbon surface as inferred from a higher C-O-to Cu oxide ratio in the surface compared to the depth sensitive O1s spectra. Depth profiling of the C1s region is shown in Fig. 5a and b. As expected, the surface sensitive spectrum is dominated by the graphitic component at 284.4 eV accompanied by a considerably smaller peak at 284.75 eV and minor contributions at 284.0 and 285.2 eV. During heating and cooling the main intensities at 284.4 and 284.75 eV remain unaffected whereas the peak at 284.0 eV increases up to 600 1C and decrease again upon cooling. This behaviour can be attributed to a partial loss of carbon-oxygen bonds leaving defect sites on the carbon surface which slowly heal during the remaining heating/cooling treatment. [78] [79] [80] In contrast to the surface sensitive spectra, the spectra recorded at a higher photon energy are dominated by the 284.75 eV peak (Fig. 5b) . Given the mean free path of E1.2 nm for the higher photon energy this increased signal reflects the binding energy of the carbon layer directly at the interface with Cu. With less access of oxygen to the Cu-carbon interface because of the protective adlayers above, the interaction strength between carbon Fig. 4 Evolution of the relative abundance of the different carbon species of a GF/Cu sample during heating in 0.2 mbar oxygen as derived from fits of C1s spectra according to Table 1 . Prior to the experiment shown here the intercalated oxygen of the initially long term air stored GF/Cu sample was removed by heating up to 600 1C in vacuum. The inset shows the Arrhenius plot of the graphene component at 284.75 eV derived from the narrow intercalation region between E200-280 1C. and Cu remains the same as observed during growth under standard preparation conditions or after the removal of intercalated oxygen on MLG/Cu. 9 This indicates that for FLG only the electronic states of the layer directly located on the Cu is altered, while the upper layers retain electronic properties similar to freestanding graphene or graphite surfaces and remain unaffected by the Cu. Hence, the peak located at 284.75 eV represents the state of the first grown graphene directly on Cu, its ''natural'' state so to speak. 15 This is a further indication of the importance of oxygen intercalation in the creation of free standing graphene on Cu. Note that in the best fits presented in Fig. 5 the asymmetry of the fitted graphitic components is a = 0.09 for the peak at 284.75 eV and a = 0.12 for the peak at 284.4 eV, respectively (see Table 1 ). While the former value is identical to that typical of graphene the latter is clearly higher. 64 Yet, it is still below the asymmetry parameter commonly used for HOPG which is a = 0.15. Since the asymmetry factor can be used as a rough measure to distinguish between graphene and graphite this difference indicates the gradual transition from graphene to graphite. 64 We will address this in the discussion in detail.
Aging by T-R-cycling and oxygen depth profiling
As apparent from the activation energy results presented above the integrity of graphene can be strongly affected by the presence of oxygen. Hence, graphene's potential degradation was examined by repeatedly reducing air stored GF/Cu samples in vacuum and subsequently exposing them to air again (T-R-cycling). GFs were chosen because of the more facile oxygen intercalation. After storage in air for E3 month, a GF sample from the same batch as the sample used in Fig. 1 and 2 was T-R-cycled and then immediately cycled again (see ESI, † Table S1 ). The sample was then kept in air for E2 h and T-R-cycled again. The cycle-induced changes of the GF/Cu surface were monitored in situ with XPS. Resulting C1s spectra were fitted with the components summarized in Table 1 . The corresponding O1s spectra were recorded at two different photon energies to account for depth and surface related variations in the oxygen species since a different distribution/concentration of certain species would be reflected by changes in the relative intensities of these species. For the spectral de-convolution several components with defined BEs accounting for various C-O bonds and Cu in various oxidation states were considered (see Table 1 ). [54] [55] [56] 58, 71 The comparison of O1s spectra taken during depth profiling reveals a strong similarity of spectral shapes and relative abundances of their fitted components for both photon energies (see ESI, † Fig. S3 ). Only the respective ratio between C-O and Cu related intensities differ slightly. This finding confirms the results depicted in Fig. 1 and 2 that all oxygen-related species reside very near to or on the sample surface manifested by Cu x O y and intercalated oxygen (rather than forming thick oxide layers) and by carbon-oxygen bonds directly on top of the graphene, respectively. Fig. 6a and b give an overview of the relative abundances of oxygen and carbon, respectively as calculated from their respective overall intensities. Whereas all Cu-oxygen related peaks in the O1s are completely quenched at 600 1C there always remain small intensities of carbon-oxygen related bonds. Interestingly, a short re-oxidation time, e.g. at the beginning of cycle 2, leads only to sub-stoichiometric Cu oxide (529.7 eV) and adsorbate-like states (529.2 eV) while a longer air exposure such as that at the beginning of cycle 3 leads to a large fraction of Cu 2 O. 54, 55, 58, 71 Copper oxidation is known to proceed by atomic oxygen reconstruction of the copper surface and oxygen absorption into subsurface regions, followed by nucleation of bulk Cu 2 O phases. 81 The nucleation of Cu 2 O is believed to occur after the saturation of sub-surface sites. 82 Once Cu 2 O seeds have nucleated they grow laterally until the surface of the metal is covered by Cu 2 O. 83, 84 As seen in Fig. 1a a MLG sample with complete carbon coverage exhibits virtually the same evolution of O1s spectra as observed for GF on Cu only on a different temperature and time scale. This behaviour points to a comparatively fast onset of oxygen adsorption/intercalation but to slow subsequent oxidation to Cu 2 O because of the low temperature (RT) and limited oxygen supply by diffusion through different pathways, such as defects in the graphene layer. 85 This is corroborated by the results presented in Fig. 6a . Hence, in the present case a contribution of intercalating oxygen to the sub-oxide signal observed in the O1s spectra is obvious. The corresponding C1s evolution appears even more versatile. After the first cycle, immediate re-oxidation leads only to a partial recovery of the peak at 284.4 eV which is completed by subsequent heating to 250 1C. Considering the changes of the O1s described above and the results presented in Fig. 4 this behaviour simply reflects the facilitated oxygen intercalation underneath the GF by thermal activation. A longer oxygen exposure time as performed between cycle 2 and 3 serves the same purpose. With an increasing number of cycles, the intercalation process seems to change as clearly indicated by the 284.4/284.7 peak ratio at each 400 1C step which increases with each cycle. Simultaneously, the intensities of the Cu-oxygen components at 400 1C (Fig. 6a) slowly increase as well. Both observations point to an easier access to and a longer retention time of oxygen at the GF/Cu interface.
As a well suited tool to monitor changes induced by adsorbate-like or suboxide states the integral (net-) WF was determined during each cycling step (Fig. 6c) . Starting from 4.2 eV, the WF exhibits a gradual asymptotic increase throughout the three cycles. Superimposed on this ''baseline'' significantly higher values at each 250 1C heating step for all cycles are observed which decrease towards the baseline values already with the next heating step. Apparently, the WF maxima are a further fingerprint for the presence of intercalated oxygen which together with the first Cu layer can form a dipole increasing the barrier the escaping photo electrons have to overcome.
At T 4 250 1C, the decrease in the WF reflects the stronger interaction between Cu and graphene due to removal of intercalated oxygen. These observations are also in good agreement with the ESEM results presented in Fig. 3 . There, the changed WF manifested itself as a darker contrast related to a lowered secondary electron yield in the presence of intercalated oxygen. 73 Furthermore, since the reported WF for polycrystalline Cu is E4.65 eV, the comparatively low average values observed during the first cycle indicate a thin layered well ordered graphitic carbon, visible especially after removal of contaminants at 250 1C. 86 At this temperature, the WF is in good agreement with values reported in the literature for pristine graphene on Cu which is lower than that of multilayer systems such as multi walled carbon nanotubes or graphite. 87, 88 During cycle 2 and 3 with an increasing 284.4/284.7 peak ratio and larger amounts of residual Cu-oxygen at 400 1C the baseline of the WF increases as well to approx. 4.5 to 4.6 eV, the value of polycrystalline Cu. For a slightly differently treated sample (see ESI, † Table S1 ) the work function was determined even after a fourth and fifth cycle confirming the trends presented in Fig. 6c , namely a maximum at each 250 1C step coinciding with a distinguished C1s peak at 284.4 eV, followed by a decrease towards the baseline. The WF baseline values increase further reaching up to B4.8 eV (see ESI, † Fig. S6b) . The latter value is in the range reported for oxygen adsorbed on polycrystalline Cu. 89 The reason for the increasing WF baseline seems to be more ready formation of Cu oxides (Cu x O y ) during comparatively short air exposure (2 h) and their delayed removal during heating. Specifically, the oxygen content does not decrease as easily at T r 400 1C with increasing cycle number as visible in Fig. 6a for the third cycle. Both, the increasing WF and delayed reduction of Cu suggest an increase of bare Cu areas and thus, correspondingly, etching/burning off of carbon during repeated cycling. Corroborating this, the carbon-oxygen bond related fractions of the O1s spectra are affected. With re-oxidation after cycle 2 an increase above the value of the as loaded sample is apparent which becomes pronounced again after the shorter re-oxidation at the end of cycle 3. This increase directly points to a GF degradation with increasing cycle numbers, presumably affecting mostly their outer edges and defect sites by etching through carbon oxidation/reduction. Corresponding Raman spectra indeed show an increase of the D peak indicating more defects in the graphene after three cycles (ESI, † Fig. S1 ). The GF degradation is nicely visible in Fig. 7 . The comparison of the SEM micrographs of a non-cycled (Fig. 7a ) and a 5 times cycled sample (Fig. 7b , see ESI, † Table S1 ) not only reveals diminishing graphene flake areas (from E60 to E25% in the displayed area, also visible in corresponding Raman spectra by an increased Cu-to-carbon signal (ESI, † Fig. S1 ) but also degradation from within the flakes. The latter effect starts at the already present defect-like hexagonal holes of the non-cycled GFs. 50, 90 These holes have grown considerably after five cycles, even partly retaining their shape. Note that the bare Cu areas of the cycled sample exhibit a more pronounced grainy structure pointing to a higher degree of Cu oxidation as shown in Fig. 7c and corroborating the SEM/EDX in ESI, † Fig. 2a and b . 91 Overall, the SEM confirms that a substantial fraction of the GF area was etched during the repeated T-R cycling, in excellent agreement with the XPS-inferred arguments above.
In correlation with the results presented in Fig. 4 etching/ burning may prove an obstacle to the long term stability of graphene. On one hand etching by intercalated oxygen must be taken into account as recently suggested for graphene on Ir and Ru. 10, 18, 61, 76 Defect sites on graphene may not only serve as access sites for intercalating oxygen but unsaturated carbon bonds in their vicinity may also be easily functionalized by the oxygen. Furthermore, the temperatures determined for thermal etching/burning of graphene are well within the range applied for de-intercalation. We want to emphasize that, as the annealing procedure is undertaken in vacuum of B10 À8 mbar, the oxygen provided to etch the graphene is only supplied from below or adsorbed on the graphene, and not from the gas phase. As a consequence, with each cycle a partial loss of carbon by desorption of CO or CO 2 occurs. On the other hand, long-term exposure to ambient air leads to the formation of Cu 2 O even in the presence of full MLG coverage. Recently, it was shown that such an oxidation of Cu can proceed via cracks between graphene islands and even be promoted by graphene via electrochemical reactions. 39, 53 The oxidized Cu can serve as a reservoir for carbon oxidation when applying temperatures above RT which, in turn, cannot be so easily depleted as the graphene coverage becomes smaller after several T-R cycles. This also implies that the stability of air exposed MLG on Cu samples will depend on the reservoir size of oxygen (intercalated or from Cu-oxide) below the graphene and thus sample stability will be a function of exposure time to ambient air. From a technical point of view this finding is of great importance because it may strongly influence electronic applications or even transfer of graphene onto other substrates. In particular, temperature changes with and without atmosphere may cause unwanted damage.
Discussion

Graphene transfer and aging
The results presented above clearly show that interaction of oxygen with the graphene-Cu is quite complex and is dependent on the applied environmental conditions. While as grown graphene is rather strongly interacting with the Cu substrate, indicated by a higher C1s BE, air exposed graphene on Cu is not. However, the ''as grown'' graphene C1s BE can be re-established by removal of oxygen via vacuum annealing. This can, in turn, be again reversed by re-oxidation. This reversibility can be repeated several times, yet not without damage to the graphene. Consequently, a potential practical application of the oxygen intercalation to e.g. facilitate transfers of freshly grown graphene to other substrates requires a careful consideration of the pressure and temperature parameters to prevent damage of the graphene. The results presented in Fig. 4 and ESI, † Fig. S4 depicting the differences between (de-) intercalation and etching temperature at different oxygen pressures may serve as a guideline to find such conditions.
Graphene-Cu interaction
Similar effects of different graphene-substrate interactions in the presence of oxygen were observed for graphene on Ru and Ir and, most recently, Cu by Marsden et al. by combining ARPES and LEED. [9] [10] [11] 14 In the latter work an ideal band structure around the K-point typical for free standing graphene was found when heating their sample to 200 1C. Regarding the results presented above (Fig. 2) , this delay in observing a clear band structure can be explained by removing surface contaminations by thermal treatment. Further heating leads to an upward shift of the graphene's Dirac cone with respect to the Fermi energy E F by B0.35 eV. These results are in excellent agreement with our BE shift observed in the C1s spectra before and after oxygen removal at elevated temperatures schematically displayed in Fig. 8 . Generally, the rather large shift would imply a strong covalent-like bond between Cu and graphene which is obviously not the case as evidenced by the facile oxygen intercalation. A possible explanation for the observed behaviour is provided by the rigid band model in which the interaction between Cu and graphene is described by charge transfers causing an ionic bond without affecting the band structure. This model has been successfully applied to graphite-alkali systems, specifically HOPG/K. 92 In this system a charge transfer from K to graphite occurs which is accompanied by a distinct shift to higher BEs of E0.4 eV of the corresponding C1s peak with respect to clean HOPG. Furthermore, adsorbing oxygen on HOPG/K causes a backshift to the BE position of clean HOPG. 93 Viewing the Cu with its partly filled 4s state as a pseudo alkali metal a very similar situation would appear. The bond formed between Cu and graphene in the de-intercalated state would be similar to a Cu salt and could be easily dissociated by intercalating oxygen due to the stronger affinity of Cu to oxygen. However, to confirm this model detailed density of states calculations would be required which is beyond the scope of our present work. Hence, as a first approximation, the shift is interpreted as related to an n-type doping in the sense that the Cu substrate donates electrons to the graphene causing a shift of the Fermi edge relative to the Dirac point because of a change of the WF. 17, 21, 94 On the basis of DFT calculations Giovannetti et al. suggest a model which predicts the electron charge transfer for weakly adsorbed graphene, as is the case on Cu and several other catalysts, forming a dipole between graphene and substrate. 13 Our results show that with oxygen intercalation the charge transfer is interrupted when forming a graphene-O-Cu layered system in which graphene appears as quasi free standing, as evidenced by the BE shifted to the value common of graphitic carbon in various forms. The presence of intercalated oxygen prevents a charge transfer from the Cu substrate to the graphene. Instead the intercalating oxygen atoms replace the graphene as dipole partners with Cu which increases the WF compared to the oxygen free graphene-Cu system. However, the predicted WF change of graphene-Cu with respect to freestanding graphene of Giovannetti et al. is smaller compared to the results presented in Fig. 6c and ESI, † Fig. S6b . A simulation of Wang et al. on graphene-Ru provides a more detailed model including commensurability and local charge distributions between carbon and substrate atoms. 95 As a result it becomes clear that the experimentally obtained WF is a net value dependent not only on an increasing distance from the surface but on the integral charge distribution over different adsorption sites. Considering that the graphene on polycrystalline Cu does not necessarily grow epitaxially, which could already influence the BEs in the C1s region as observed for Ru, Rh and also Ni, 16, 96 this may account for the observed larger DWF E 0.25 eV between graphene in a coupled and in a free standing state created by intercalated oxygen.
Peak asymmetry of graphene
In contrast to the strong influence of intercalated oxygen on the WF and the BE shifts, the peak shapes used for fitting the C1s spectra remain mostly unaffected. Even after several T-R cycles accompanied by graphene degradation, the peak shape, largely dominated by its asymmetry, is retained. The asymmetry parameter a is an excellent fingerprint to divide sp 3 from sp 2 , i.e. graphitic carbon, in graphene. While sp 3 carbon lacks any asymmetry, graphite exhibits a very well pronounced asymmetric tale, e.g. for HOPG a factor of a E 0.15 is used. 63, 97, 98 Despite its long history, the origin of this asymmetry is still under discussion, e.g. by assigning it to localized sp 2 -like defects in the sp 2 lattice induced by sputtering or rather disordered sp 3 carbon. 65, 99 Also a functionalization by oxygen may increase the asymmetric line shape. 97 The most established opinion is that of final state effects due to relaxation and screening of the core hole left by the photo electron by intraand interlayer processes similar to those in metals. 63, 97, 100 In a well ordered graphitic carbon system the 2p orbitals can overlap and delocalize. 62 The presence of defects and bonding to contaminants can disturb the delocalization leading to excitonic states which in turn have to be screened by other electrons to minimize the charging. This, in turn, leads to the observed asymmetry. 97, 98 In the results presented above the main MLG and GF peak of air exposed, contaminant-free sample is located at 284.4 eV the established BE of graphitic carbon in a vast number of publications, e.g. 64 Consistently, after removal of intercalated oxygen the best fit of the C1s peak at 284.75 eV is clearly asymmetric with a = 0.09, hence still representing graphene strongly interacting with the Cu substrate. Interestingly, during further intercalation/de-intercalation cycles and even accompanying graphene degradation the peak shapes do not change. This finding is in opposition to the hypothesis of an increase of a because of screened defects and suggests that even under rather severe environmental conditions graphene may partially retain its electronic structure which may prove important for applications of e.g. nano-crystalline graphene in electronic devices. Note that in the present work gradual changes of peak asymmetry were only observed with an increasing number of graphene layers (see Fig. 5 ). Again different explanations have been proposed for this behaviour, e.g. overlap of several carbon mono layer peaks or presence of a surface related spectral component due to relaxed binding conditions of the topmost carbon layer. 101, 102 In the picture of the most established model presented above, a stronger influence of steps in a multilayered carbon system accounts for the asymmetry change. 57 Regarding the complex asymmetry changes displayed in Fig. 5 including strongly interacting graphene-like peak shapes for a component representing an interface layer with the substrate, this certainly requires a more detailed theoretical analysis. However, as a fingerprint to analyze samples for the presence and quality of graphene the value of asymmetry parameter can be used independent of its true physical origin.
Conclusions
In summary, it was shown that oxygen can intercalate between CVD grown graphene and the Cu substrate. This process is kinetically driven and depends mainly on the graphene coverage which determines the required time scale or temperature. For GFs, the activation energy was determined E Act-deintercal = À0.18 eV E E Act-intercal = 0.19 eV which is slightly lower than for graphene-Ru. Oxygen intercalation leads to the formation of an adsorbate-like and/or Cu sub-oxide state which clearly inhibits the charge transfer between graphene and Cu directly observed after growth. In consequence, the as grown graphene electronically decouples from the Cu substrate towards quasi-free standing graphene which is not only reflected in a BE shift of the graphene C1s peak of E0.35 eV but also a distinct WF change by E0.25 eV. The oxygen intercalation is reversible and can be repeated several times even after long air exposures at RT. In contrast, graphene etching was found to be strongly dependent on the applied oxygen pressure manifested by a lower activation energy for higher pressure. During repeated intercalation-de-intercalation cycles graphene etching notably increases, as confirmed by a considerable loss of graphene and an enhanced Cu oxidation because of the reduced protective graphene coverage. Whereas the structural integrity of the graphene with respect to coverage, flake size and defect growth is strongly affected by etching, based on XPS its key electronic properties are much less affected. The observed complex interplay of oxygen intercalation and electronic coupling effects of CVD graphene on Cu shows that there may be implications for processing graphene on the catalyst in integrated circuitry, when e.g. dedicated band structure alignment or metal contact passivation is required or for easier transfer to other substrates. [28] [29] [30] [31] [32] [33] [34] [35] They also demand consideration when experimenting with nominally generic properties of graphene that is however air exposed on supports, such as graphene's debated wetting transparency and when considering graphene's debated use as a corrosion barrier. [36] [37] [38] [39] [40] [41] [42] [43] 
